Introduction
of available methodologies, limitations of the study designs and of future directions in HR variability utilisation Sudden, unexpected cardiac death stands as one of the is also included. most important and unresolved problems in clinical cardiology also in the new millennium. Despite unanticipated advancement in the understanding of the mechanisms that 2. Methodological aspects of measurement of HR concur to determine such a dramatic event [1] , our variability capability of identifying patients at risk has not reached satisfactory levels. In most instances, our attention is There are numerous methods to describe regulation of focused on selected small subgroups of patients at highest HR and constant fluctuation of R-R intervals. An optimal risk while ignoring the majority of subjects in whom method for clinical work would be an index that could be sudden cardiac death is the first and last manifestation of a easily computed with a simple and widely available cardiac disease [2] .
analysis method. Despite the efforts of the Task Force of In the last 20 years, the appraisal [3] of the prothe North American Society of Pacing and Electrophysiolarrhythmic role exerted by transient or persistent alteraogy and the European Society of Cardiology to unify and tions in sympathetic and vagal control mechanisms has standardise the measuring methodology [6] , there is curstimulated the development of techniques capable of rently no consensus about the best available index of HR providing information on autonomic modulation and of its variability for clinical use in different situations. alteration in different clinical conditions such as ischemic heart disease, hypertension and congestive heart failure 2.1. Time domain indices of HR variability [4, 5] . Among these methodologies, analysis of heart rate (HR) variability and of baroreflex sensitivity are the two Conventionally, HR variability has been assessed by that have provided the most interesting results in terms of calculating indices based on statistical operations on R-R feasibility, clinical results and predictive value [6, 7] .
intervals (means and variance). The most widely used time The aim of the present article is to specifically address domain parameters are average HR and standard deviation the value of HR variability analyses, not only for identifyof all normal-to-normal RR intervals over a specific time ing patients at risk but also for describing changes in period [6] . The absolute value of average variability autonomic control mechanisms immediately prior to onset depends on the length of the analysed period. Cardiologists of malignant ventricular arrhythmias. A brief description commonly use a recording length of 24 h, which makes the 24-h standard deviation of R-R intervals probably the predict both arrhythmic mortality and precede the sponta-3. Study designs assessing the HR variability as a neous onset of life-threatening arrhythmias (see Fig. 1 ).
predictor of sudden death Scaling analysis techniques based solely on the power spectral density of the signal have also been used in risk Table 1 summarises the designs and the main outcome stratification studies [12, 21, 22] . A plot of spectral power of most important studies assessing the role of HR and frequency on a logarithmic scale (see Fig. 1 , middle variability in prediction of sudden death. Three different portion) and the slope of this relation has been found to be study designs have been used: (1) observational follow-up altered among patients with cardiovascular disorders studies, (2) case-control studies, and (3) retrospective [15, 22] . Taken together, increasing evidence support the observational studies before the arrhythmia onset. Each of interpretation of important role of new dynamical HR the study design has some benefits and also some potential variability analysis methods in stratification of subjects limitations, which are shortly discussed below. with high risk for sudden and non sudden cardiac death, as
Observational studies have focused on baseline assesswill be discussed below.
ment of HR variability in pre-defined patient groups, [45] before VT non-linear analysis before VT. Value of scaling exponent was also reduced before VT mostly shortly after acute myocardial infarction, and Despite some limitations of the study designs, HR subsequent follow-up of the patients. These studies have variability is perhaps most extensively studied among all been commonly used in the assessment of value of HR arrhythmia risk markers. The main observations and results variability in predicting arrhythmic deaths [9,17,19,22- of these studies are discussed below. 29]. Information obtained by this type of studies may have practical importance, but the study designs are also confounded by some biases, which prevent generalisation of 4. Conventional HR variability indices as predictors the results. A major limitation is the problem of defining of sudden death the occurrence sudden arrhythmic death ('end-point bias'), as all definitions suffer from biases in classifying the In all observational studies of patients after myocardial precise mode of death. Sudden death occurring within an infarction, a depressed HR variability measured from a hour of the onset of symptoms has been commonly 24-h period as well as from short-term recordings has been attributed to arrhythmia, but many other pathophysiologiconsistently associated with an increased risk of cardiac cal conditions that evolve rapidly can also lead to sudden and overall mortality [24] [25] [26] [27] . Similar evidence has been death [30, 31] . On the other hand, many of the deaths more recently reported also among patients with heart defined as non-arrhythmic may be due to arrhythmias.
failure [28] . More controversy is in the reports dealing Another problem in all studies estimating the prognostic with the association between reduced HR variability and value of HR variability in terms of arrhythmic events has arrhythmic mortality, particularly when other factors such been the relatively small size of the patient sample enrolled as depressed ejection fraction or runs of ventricular ('sample size bias'). The incidence of both non-sudden and tachycardia are taken into consideration [28] . In one study, sudden death among patients surviving a myocardial it was shown that [29] arrhythmic death was associated infarction, and those with mild to moderate heart failure, with depressed HR variability and ventricular tachycardia has declined significantly during the past two decades, runs whereas non-arrhythmic death was related to low likely due to the impact of improvements in therapy. In ejection fraction, ventricular ectopic beats and reduced HR view of the low number of deaths and the uncertainties variability. Moreover, with a combination of risk factors it about the mode of death in follow-up studies, even the was possible to identify patient groups in which a majority largest multicenter observational studies, such as ATRAMI of deaths were either arrhythmic or non-arrhythmic [29] . In trial [32] , are not able to give a definite answer regarding another study, reduced spectral components, mainly reducthe value of HR variability or other markers as predictors tion in the power of very-low and low frequency spectral of arrhythmic death.
components were found to be the best predictor of In case-control studies, risk markers are compared arrhythmic mortality [27] between survivors of documented arrhythmic events and matched controls without a history of life-threatening arrhythmia [33] [34] [35] . These lack some of the problems of 5. Conventional HR variability indices in survivors of observational studies, such as the end-point and sample cardiac arrest or ventricular tachycardia size bias, and their results show an even better accuracy of HR variability in differentiating between patients with and A reduction in time domain parameters of HRV in without vulnerability to fatal arrhythmias [34, 35] . Howpatients with cardiac arrest during Holter recordings was ever, the results of these studies can neither be generalised, first reported by Martin et al. [36] . These authors also because the study designs partly ignore the potential for observed that frequency domain parameters were reduced temporal changes in risk factors. HR variability may be in patients resuscitated from cardiac arrest in comparison temporarily abnormal immediately after a life-threatening to controls [37] . More recently, Valkama et al. [33] arrhythmic event but return to normal with time after the analysed the relationship between spontaneous occurrence event.
and inducibility of ventricular arrhythmias in patients with Retrospective analysis of changes in HR variability a history of sustained ventricular tachycardia or cardiac immediately before the onset of life-threatening arrhythmia arrest in a carefully matched case-control study. The events is perhaps the best study design in attempts to study authors observed that standard deviation of R-R intervals the role of abnormal HR variability as a trigger of sudden and low and very low frequency spectral component of HR arrhythmic event. Both Holter recordings and memory variability were significantly reduced in patients with functions of the implantable cardioverter-defibrillators sustained ventricular tachycardia in comparison to patients (ICD) have been used in these studies. Although, these without repetitive ventricular arrhythmias. However, HR studies provide unique mechanistic information on the role variability did not differ significantly between patients with of changes in HR variability as a trigger of life-threatening and without inducible sustained ventricular tachycardia. In arrhythmia events, the generalisation of the results to the same study, no alteration in HR variability was broader populations is neither possible, because the studies detectable in the last minutes before the onset of spontahave focused only on selected high-risk subsets of patients.
neous episodes of ventricular tachycardia occurring during Holter recording, although HR variability was clearly lower before sustained ventricular tachycardia in comreduced when analysed from a period of several hours parison to non-sustained tachycardia. In a follow-up study before the arrhythmia onset. These findings suggest that a [33] , however, when survivors of cardiac arrest were also depressed HR variability and in particular, a reduction in considered, these authors were unable to detect any the power of low and very low frequency oscillations of significant changes in spectral parameters in the minutes HR, might reflect susceptibility to spontaneous occurrence before the onset of ventricular tachycardia and concluded of ventricular arrhythmias rather than represent an instantathat impaired autonomic control may be not directly neous trigger for life threatening arrhythmias or a specific related to the process initiating ventricular tachycardia. marker of inducibility [33, 38] . Of particular interest was An additional factor capable of determining changes in the observation that, in survivors of cardiac arrest, a HR variability pattern and favouring arrhythmia occurblunted circadian rhythmicity was still detectable despite rence is transient myocardial ischemia. Recently, Pozzati et the low 24 h HR variability [39] . Nevertheless, a further al.
[42] described an association among the reduction in reduction of its value was evident in the early morning time domain parameters of HR variability before sustained hours. i.e. in the time period where the incidence of sudden ventricular arrhythmias and ST segment displacement cardiac death is highest [39] . Another case-control study suggestive of acute ischemia, thus confirming, in the by the same investigators in the larger group of patients clinical setting, the possibility that acute ischemia together showed that HR variability is particularly reduced in the with altered autonomic regulation could have played a patients with a recent history of cardiac arrest, but not in critical role in triggering arrhythmic events. Airaksinen et those with stable monomorphic ventricular tachycardia al. [43] also showed that an increase in vagal activity, [34] .
manifested as an increase in the high-frequency spectral In conclusion, most of the published case-control reports component of HR variability, prevents the occurrence of are concordant in demonstrating a significant reduction of repetitive ventricular ectopy during myocardial ischemia HR variability in survivors of cardiac arrest in comparison caused by balloon occlusion of a coronary artery during to both post-myocardial infarction patients and controls, angioplasty, suggesting to a protective role of vagal thus confirming the link between susceptibility to fatal activity on ischemia induced ventricular arrhythmias. arrhythmias and low HR variability.
The storage function of ICD has been recently utilised [44, 45] to evaluate time and frequency domain parameters of HR variability in the minutes before the detected arrhythmic event in large sample sizes of patients. Pruvot 6. Conventional HR variability indices before the et al. [44] observed changes in time and frequency domain onset of ventricular tachycardia or fibrillation parameters of HRV consistent with a state of sympathoexcitation before ventricular arrhythmia onset. This pattern The experimental evidence that an increased sympawas independent of presence or absence of anti-arrhythmic thetic and a reduced vagal activity directed to the heart therapy. Lombardi et al. [45] reported higher values of low might exert a pro-arrhythmic effect has stimulated the use and high frequency ratio before the arrhythmic event in of HR variability analysis to detect changes in autonomic comparison to both control conditions and to a period modulation of sinus node before arrhythmic events. Magid corresponding to about 20 min before tachycardia onset. et al. [40] 
initially reported a reduction in time domain
This finding along with the significant reduction in total parameters of HR variability measured during the 5 min power and in cycle length duration was interpreted as an immediately before the onset of ventricular fibrillation in evidence that a shift of sympatho-vagal balance toward a comparison to the preceding 5-min period. The presence of sympathetic predominance might play a pro-arrhythmic a sympathetic activation and a reduced vagal activity role. In the same study, an altered dynamic pattern of HR before ventricular tachycardia was hypothesised by Shusvariability was also observed before ventricular tachycarterman et al. [41] who analysed HR variability from Holter dia onset [45] . electrocardiograms of post-infarction patients with venAll the above findings seem to indicate that additional tricular tachycardia. These authors observed an increase in changes in HR variability can be detected preceding the the average HR and a reduction in almost all HR variable initiation of the arrhythmic event. These changes, however, parameters 30 min before ventricular tachycardia commay be represented by a further reduction in time domain pared to 24-h values.
parameters in some patients, by a change in low and high Characteristics in the spectral HR variability measures in frequency spectral ratio or by altered dynamic pattern of the hour preceding the onset of sustained and non sus-RR interval time series in others. The prevalence of one tained ventricular tachycardia has been previously reported change in respect to the others appears to be dependent not by Huikuri et al. [38] who described the changes in HR only on methodological aspects such as type of analysis variability spectral parameters of patients with coronary and duration of recording but also on the type of underlyartery disease. The authors observed that all frequency ing heart disease, severity of left ventricular dysfunction domain parameters of HR variability were significantly and drug therapy. This is the first study documenting the prognostic power of studies. The ability of spectral scaling properties of longaltered HR variability as a predictor of sudden death in term fluctuation to predict death after myocardial infarction general population. was first reported by Bigger et al. [22] . The scaling power law slope of slow fluctuations was found to be a powerful predictor of all-cause mortality or arrhythmic death and it predicted these outcomes better than the traditional power 8. Non-linear HR behaviour before ventricular spectral bands. tachycardia or fibrillation Recently, analysis of short-term fractal properties of HR fluctuation has yielded superior prognostic power comIn addition to changes in some time and frequency pared to conventional measures among patients with acute domain HR variability indices before the life-threatening myocardial infarction and depressed left ventricular funcarrhythmia events, some nonlinear measures have shown tion [17, 19] . First, short-term fractal-like correlation propto be able to detect alterations before the onset of erties of RR intervals were studied in 159 patients with arrhythmic events [13, 49, 50] . Skinner et al. [51] observed acute myocardial infarction and left ventricular ejection significant decline in point correlation dimension of RR fraction ,35% with 4-year follow-up. Among all analysed intervals preceding ventricular fibrillation after coronary variables, reduced short-term scaling exponent was the occlusions of conscious pigs. The same authors also best predictor of mortality [17] . More recently, in a large demonstrated a decrease of correlation dimension before population of 446 survivors of acute myocardial infarction arrhythmias among patients with pre-existing heart disease with a left ventricular ejection fraction ,35%, reduced
[13]. short-term fractal exponent was the most powerful HR Recently [44] , a further reduction of the power law slope variability measure as a predictor of all-cause mortality. It of slow fluctuations in the minutes preceding the onset of predicted both arrhythmic death and non-arrhythmic carventricular tachycardia in comparison to control was diac death and yielded more powerful prognostic inforshown by the analysis of the storage memory function of mation than the traditional measures of HR variability [19] ICD patients. Altered short-term fractal scaling exponent (Fig. 2) .
has also been observed to precede ventricular fibrillation In addition to patients with myocardial infarction, among patients who experienced ventricular fibrillation altered short and long term scaling properties have been during the Holter recordings [50] . A preliminary analysis observed to predict mortality among patients with chronic of ICD memory in a large patient sample also showed that congestive heart failure [46, 47] and also among elderly fractal analysis of HR variability is able to predict the people [48] . Altered short-term fractal scaling exponent of onset of both ventricular tachycardia and ventricular HR dynamics has shown to be a powerful predictor of fibrillation [52] . These results suggest that the fractal cardiac death, and particularly powerful predictor of analysis methods of RR intervals identify more accurately cation of patients at high risk of sudden cardiac death. analysis of heart rate may predict subsequent ventricular tachycardia
